Objectives: To determine in non-obese pre-menarcheal girls if bioelectrical impedance (BIA) is a better predictor of body fatness than triceps skinfold (TSF) or body mass index (BMI) and to cross-validate published equations for determination of fat-free mass (FFM) from BIA in pre-menarcheal girls. Design: Cross-sectional analysis of data from 132 non-obese pre-menarcheal girls. Conclusions: BIA appears to be a valid and reliable measure of FFM but is no better than TSF in predictions of body fat. Sponsorship: Studies were conducted at the General Clinical Research Center at MIT and were supported by NIH grants RR-00088, DK-HD50537, and DK46200.
Introduction
The assessment of nutritional status requires valid and accurate ®eld measurements of body composition. Direct measures of body composition such as underwater weighing, isotopic dilution, 40 K counting, and dual photon absorptiometry are too costly and laborious for use in ®eld settings. Anthropometric measures including skinfold thickness at various sites and body circumferences are appropriate ®eld measures, but require extensive training and may be more susceptible to measurement error. Furthermore, correlation of skinfold thickness with percent body fat in children decreases as body fat increases (Forbes, 1964) . Body mass index (BMI) is a more accurate index of body fat in adults (Willett, 1990 ) but may be less accurate during childhood because of growth and changes in body composition (Kuczmarski, 1993; Schey et al, 1984) .
Although BIA predicts fat-free mass (FFM) well in both adults and children (Segal et al, 1988; Lukaski et al, 1985; Kushner et al, 1992) few studies of children have compared skinfolds, BMI and BIA to predict percent body fat. The objective of the study was to compare the ability of BIA, TSF, and BMI to predict percent body fat (%BF) determined from isotopic dilution of H 2
18
O in pre-menarcheal girls. We also determined the reproducibility of FFM calculated from BIA and weight measured in 90 of these girls on two separate occasions. Finally, we examined which of ®ve published predictive equations based on BIA predicted FFM in a cohort of pre-menarcheal girls. Three of these equations were age-and gender-speci®c and were derived from populations similar to the one studied here (Houtkooper et al, 1992; Deurenberg et al, 1991; Schaefer et al, 1994) . The other two equations were derived from a population of neonates, children and adults of both sexes (Kushner et al, 1992) .
Methods
Pre-menarcheal girls aged between 8±12 y were recruited from schools in Cambridge, MA, the Massachusetts Institute of Technology (MIT) summer day camp and by word of mouth. The criterion for admission was a triceps skinfold thickness less than or equal to the 85th percentile for age and sex according to NHANES I (Must et al, 1991) .
All subjects were in good health as determined by physical examination and medical histories. The study was approved by both the Committee on the Use of Humans as Experimental Subjects at MIT and by the Human Investigations Review Committee at the New England Medical Center.
Girls were admitted to the Clinical Research Center (CRC) at MIT at 3:00 pm for the overnight measurement of TBW. At approximately 8:00 pm a baseline urine sample was obtained and an oral dose of H 2 18 O was given for the measurement of both TBW and daily energy expenditure. The dose of 18 O was 0.25 g/kg of estimated TBW. All urine was collected after the administration of isotope until 6:00 am the following morning to determine urinary isotope losses. At approximately 8:00 am, the second urine sample of the morning was collected for the measurement of 18 O enrichment above baseline. Urinary enrichment of 18 O was determined by mass spectroscopy as described elsewhere (Wong et al, 1987) . Oxygen dilution space was calculated according to Halliday & Miller (1977) . We assumed that the 18 O dilution space was 1% higher than TBW (Schoeller et al, 1980) , and that FFM was 73% water (Pace et al, 1949) . Percent body fat was calculated from the measures of body weight and FFM according to the following equation:
Height, body weight, and triceps skinfold were measured in the morning. Height was measured to 0.1 cm with a wallmounted stadiometer. Fasting weight was measured in a hospital gown using a Seca scale accurate to 0.1 kg. Triceps skinfold was measured on the non-dominant arm in triplicate using Holtain calipers accurate to 0.2 mm. The girls returned to the CRC two weeks later to end the study of energy expenditure. At this time, BIA was repeated and weight obtained after an overnight fast in 90 of the girls. Skinfold measurements were not repeated on the second visit.
Resistance (R) and reactance were measured after an overnight fast with the subject supine (Bioelectrical impedance analyzer, BIA 101, RJL, Clinton Township, MI). The accuracy of the machine was checked before the measurements with a 500 O resistor supplied by the manufacturer. Electrodes were then placed on the dorsal surface of the right foot and ankle, and right wrist and hand. A current was applied at a frequency of 50 kHz.
Statistics
All statistical analyses were performed using SAS (SAS Institute, Cary, NC). In order to compare the validity of BIA, BMI, and triceps skinfold thickness for the prediction of body fat we ®rst determined a regression equation to predict FFM from BIA. We examined the relationship of FFM obtained from isotopic dilution to that calculated from BIA using a multiple linear regression model with FFM as the dependent variable and age, weight, Tanner stage, reactance and Ht 2 /R as the independent variables. Percent body fat was then calculated from FFM and weight as discussed previously.
The relationship between percent body fat from BIA and that from the isotopic dilution of 18 O could then be assessed. The ability of BIA, TSF, and BMI to determine body fatness was assessed by correlation analysis. The intra-class correlation coef®cient was calculated to quantify the reproducibility of BIA and weight in the determination of FFM (Zar, 1984) . The accuracy of FFM calculated from the predictive equations was compared with measured FFM by a two-way analysis of variance (ANOVA) with repeated measures on one factor (equation) with Tanner stage (1±3) as the second grouping variable. The factor`equation' included measured FFM and predicted values calculated from each of the ®ve equations. Where interactions were present, one-way ANOVA was performed to compare methods within each Tanner stage. Equation means of FFM from predictive equations were compared by using Dunnett's test.
Results
Subject characteristics are presented in Table 1 by stage of sexual maturation according to Tanner (1962) . Although height and weight were greater in Tanner 2 and 3 girls compared with Tanner 1 girls, %BF was similar in all three groups. The predictive ability (R 2 ) and standard of an estimate (SEE) of several multiple regression models that determine FFM from bioelectrical impedance are presented in Table 2 Houtkooper et al (1992) equation was used to calculate FFM for the comparison of repeated measures. The intraclass correlation coef®cient for the repeat measurement of FFM by BIA and weight was 0.99 indicating that FFM based on a measure of BIA is highly reproducible. We also examined the accuracy of ®ve published equations to predict FFM in our cohort (Table 3 ). Mean differences for FFM from each of the predicted equations are presented 
Discussion
BIA represents an attractive alternative to measure body composition because it is easy to perform, noninvasive, inexpensive and requires little cooperation from subjects. Nonetheless, few studies in children have compared BIA as a measure of body fatness to anthropometry. Because we had data from a fairly large homogeneous population, premenarcheal girls, we had an opportunity to examine how well measurements of bioelectrical impedance compared to body mass index or triceps skinfold thickness to estimate body fat without in¯uence from other variables such as age and sex. Our intent was not to provide new equations for the estimation of body fat from these three measures but to compare the accuracy of existing equations in determining body composition. Our ®nding that percent body fat derived by BIA did not differ substantially from percent body fat by TSF agrees with those of Deurenberg et al (1989 Deurenberg et al ( , 1990 . The high intra-class correlation coef®cient of BIA in repeated measures two weeks apart suggests that BIA may offer a more reliable measure of body fatness than TSF in non-obese pre-menarcheal girls. Hammond et al, (1994) also found repeatability of both impedance and the sum of four skinfolds to be high. 
Accuracy of bioelectrical impedence in girls
LG Bandini et al Whereas BIA gives a quantitative estimate of percent body fat, in clinical practice TSF values are most often compared to percentiles for age and sex. Although the correlation with body fatness is similar for both measures, the purpose or outcome measures are different. Therefore, BIA may be more useful if a quantitative estimate of fatness is desired. TSF would be suf®cient if relative value of body fatness is needed.
The correlations we observed between TSF, BMI and %BF were similar to those reported by Roche et al (1981) for girls aged 6±12.9 y. Consistent with our ®ndings, Deurenberg et al (1990) found that BMI correlated less well with %BF than TSF in pre-menarcheal girls. Houtkooper (1989) also reported that BMI predicted percent body fat less accurately than BIA or skinfold measures. However, a limitation of our analytical approach is that BMI and percent weight as fat are not entirely independent variables because weight appears in the numerator of BMI (weight/height 2 ) and in both the numerator and denominator of percent fat (weight-FFM)/weight *100). An examination of the plot of the relationship suggests that, at ®rst approximation, it is linear. The magnitude of the correlation was essentially the same for percent body fat with BMI, percent body fat with the inverse of BMI, and percent body fat with the logarithm of BMI. These results suggest that the relationship between BMI and percent body fat is not an artifact of the algebraic relationship between these two variables, but suggests that each estimates the same construct. We believe that the lack of a strong association between BMI and percent body fat emphasizes the point that BMI does not provide a more valid estimate of body composition than TSF or BIA.
Several investigators have reported regression equations to predict FFM from BIA in children (Houtkooper et al, 1992; Deurenberg et al, 1991; Schaefer et al, 1994; Cordain et al, 1988) . Some of these reports provided age and sex speci®c equations. In addition, different methods for assessing fat-free mass were utilized in the development of these equations. Reilly et al (1996) compared four of these equations for the prediction of FFM in pre-pubertal Caucasian children in whom FFM had been measured by hydrodensitometry. Their ®ndings suggested that the equations by Schaefer et al (1994) and Deurenberg et al (1991) underestimated FFM. Among the four equations, Houtkooper's equation provided the closest estimates of FFM with the narrowest con®dence intervals. Goran et al (1993) compared TBW determined from isotope dilution using 18 O water to TBW predicted from Kushner et al's equation based on the impedance index and weight. They found Kushner's equation accurately predicted TBW in preschool children.
Our measure of fat-free mass was based on TBW measured by impedance. We attempted to cross-validate these equations to determine if the method from which the equations were derived affected the results, and to determine if sex-and age-speci®c equations were more accurate. We compared the accuracy of three equations developed for children as well as two equations developed from subjects ranging in age from neonates to adults to determine which equations accurately predicted FFM. We did not assess Cordain et al (1988) respectively. Because the relationship of impedance and body composition is based on body water, the direct measurement of water eliminates variation due to hydration. Why the addition of weight to the impedance index biases the prediction of FFM in the predictive equation provided by Kushner et al for Tanner 1 girls remains unclear.
Because total body water is highly correlated with measures of BIA, and because densitometry or 40 K rely on assumptions regarding water or electrolyte concentrations to calculate FFM, equations derived from other studies of TBW measurements might be expected to provide more accurate estimates of FFM than other approaches. Inasmuch as the water content of FFM may vary in children, the methodology used to determine the predictive equations may be the most important factor in choosing an equation.
Conclusions
Our results are consistent with other studies that have used BIA and anthropometry to predict %BF and FFM. Although BIA is highly correlated with FFM, 4% of the variance of FFM and 28% of the variance of body fat remains unexplained by BIA. BIA appears to be a valid and reliable measure of FFM but its ability to predict body fat is no better than TSF. Furthermore, there is no consensus as to which standardized equations best predict fat-free mass from measures of BIA, which is then used to calculate percent body fat. Our data suggest that development of standardized equations to predict percent body fat from BIA should be derived from studies using TBW measures as the standard.
